The bones and soft tissues of the foot act as a shock attenuator and the relative bony motions of the talocrural and subtalar joints are the subject of research interest for their roles in lower extremity pathology. Despite this interest, little information exists on the precise in vivo talocrural and subtalar joint kinematics during dynamic activities. Therefore, the purpose of this study was to quantify the three-dimensional kinematics of the talocrural and subtalar joints during landing by using single-plane fluoroscopic imaging and shape matching techniques.
Introduction
The synergistic movements of the talocrural and subtalar joints and the particular configuration of bones, muscles, and ligaments allows the ankle to act as a shock attenuator at foot contact and to adapt to uneven surfaces in various dynamic weight bearing activities by functional movement in three cardinal planes at each joint. Relative bony motions within the talocrural and subtalar joints are the subject of research interest for their roles in lower extremity pathology. For example, excessive foot pronation features prominently in etiological studies of running related injuries such as shin splints and stress fractures. [1] [2] Talocrural and subtalar joint motion must be accurately described to understand injury mechanics.
The talocrural and subtalar joints, together, are sometimes collectively referred to as the ankle joint. The two component joints do not form a simple hinge joint. 3 A number of biomechanical studies have reported on the talocrural and subtalar joints motion during landing or running using reflective markers attached to the skin on selected anatomical landmarks. [4] [5] [6] However, these markers do not provide precise in vivo data because of skin movement artifacts [7] [8] and the inability to access the talus. Intracortical pins are useful for obtaining data on talocrural and subtalar joint kinematics during dynamic activities, 9 but this method is highly invasive and difficult to use on large numbers of subjects.
In recent years, radiographic shape matching techniques (3D-2D model-image registration) have been used to evaluate joint kinematics, 10 and more recently, they have been applied to foot and ankle motion analysis during dorsiflexion-plantarflexion activities 11 and quasi-static gait. 12 Although this technique can provide good spatial accuracy, sampling rates of 7.5 to 30 Hz, with correspondingly long exposure times, normally are employed. These rates are low compared to modern motion analysis techniques for evaluating rapid movement. Therefore, there is little information on foot bone motion during dynamic activities. Although modern motion analysis techniques have been used to study injury mechanism [13] [14] and prevention, 15 relative bony motion during landing remains unknown. Landing is a common mechanism underlying an ankle sprain, 16 and patients with chronic ankle instability after an ankle sprain experience a subjective feeling of instability during landing. Acquiring quantitative talocrural and subtalar joint data during landing will help to understand ankle injuries.
Thus, the purpose of this study was to quantify three-dimensional talocrural and subtalar joint kinematics during single leg landing using fluoroscopic imaging and shape matching techniques.
Methods

This study was approved by the Ethics Committees of the Graduate School of Sports
Science, Waseda University, Japan. Informed written consent to the purpose and the procedures of this study was obtained from all subjects before participating.
Six healthy subjects (three males, three females) participated in this study (average age:
23 ± 3 yrs). All subjects were free of lower extremity pain and had no history of serious injuries or any operative treatment, and no subjective symptoms interfering with sport activities.
All subjects performed single leg landings from a 10 cm height with their knee BH5000R.1; Philips). The maximum sampling rate was 60 Hz, which is low, compared to sampling rates used in modern motion analysis techniques for evaluating rapid motion since the fluoroscopy used in this study was a clinical examination device designed to provide information about the cardiovascular system. The ground reaction force was simultaneously recorded at a rate of 1000 Hz by using a force plate (9286A; Kistler). (Steel test) were used to compare the values of the joint angles after toe contact with its value at the time of toe contact. The level of significance was set at p < 0.05.
Results
For the talocrural joint, the primary motion after toe contact was dorsiflexion. The dorsi/plantarflexion angle increased after toe contact. After 180 ms, the joint angles were significantly greater than the dorsi/plantarflexion angle at toe contact. The joint angles of eversion/inversion and external/internal rotation after toe contact were not significantly different from those at toe contact. The changes in the talocrural joint angles during the first 150 ms after toe contact were 12° ± 7° dorsiflexion, 2° ± 2° eversion, and 3° ± 2° internal rotation.
For the subtalar joint, the joint was plantarflexed with inversion and internal rotation at toe contact and subsequently dorsiflexed, everted, and externally rotated. The joint angles for dorsi/plantarflexion at 133 ms and 150 ms, for eversion/inversion at 150 ms, and for external/internal rotation from 116 ms to 166 ms after toe contact were significantly greater than the respective angles at toe contact. The changes in angles at the subtalar joint were 5° ± 3° dorsiflexion, 7° ± 3° eversion, and 6° ± 2° external rotation ( Figure 3 ).
Discussion
During dynamic activities, the talocrural and subtalar joints provide shock attenuation and surface adaptation to the foot and lower extremity; however, our knowledge of ankle joint kinematics during quick movement is extremely limited. To the best of our knowledge, these also be useful in the study of injury mechanics and in the development of therapies for foot and ankle injuries.
During landing, the talocrural joint motion after toe contact was mainly dorsiflexion. In their study of talocrural and subtalar joints motion during landing, employing a similar trial with landing from a 10-cm height, Maeda et al observed approximately 30° dorsiflexion of the ankle joint for 100 ms after landing using skin markers. 19 The ankle joint was defined as the angle between the line that links the head of the fifth metatarsal and the heel underneath the calcaneus and the line that links the knee joint in lateral view and the lateral malleolus. The ankle dorsiflexion obtained in their study was larger than that of our study, assuming that ankle joint motion referred to the total dorsiflexion of both the talocrural and the subtalar joints. Skin movement artifacts might account for the kinematic differences between the results obtained using radiographic shape matching techniques and skinbased markers.
At the subtalar joint, motion after toe contact was dorsiflexion, eversion, and external rotation (often called pronation). A previous study employing dual orthogonal fluoroscopic imaging and model-image registration for nonweight-bearing range of motion and quasi-static gait activities also noted similar patterns of calcaneal motion (i.e., dorsiflexion, eversion, and external rotation with respect to the talus), whereas the ankle-joint complex moved from maximum supination to maximum pronation in the nonweight-bearing condition and during the stance phase of the quasi-static gait. 12 This pattern of calcaneal motion may be stereotypical,
given the similarity of weight-bearing and nonweight-bearing motions during pronation.
The results from the current study indicated that the talocrural and subtalar joints have different movement patterns during landing. The talocrural joint movement was mainly talar dorsiflexion (with respect to the tibia). Talar movements are defined by articular interactions and This study has several technical limitations. We did not have the means to determine absolute joint motion errors from the image matching process. We instead provided measurement repeatability (i.e., precision) for quantifying bone kinematics by using the study images. Since model-image registration techniques typically exhibit low measurement bias, 11 we believe the precision measures gave a useful lower bound on measurement uncertainty in this study. The 3D-2D registration technique using single-plane fluoroscopy also has a much greater uncertainty for out-of-plane (i.e., mediolateral) translations; whereas, the registration technique using biplane fluoroscopy has more uniform errors. 18 No previous study has evaluated how out-of-plane errors relate to the magnitude of the kinematics in this study. A limitation common to the interpretation of landing from 10 cm should be noted. The landing height in this study was limited to 10 cm because of the spatial limitation. The average maximum vertical ground reaction force of each subject ranged from 1.6 to 1.9 times their body weight, which may be lower than the ground reaction force that is experienced during sports-related activities. An additional limitation of this study involves the relatively small sample size. The number of subjects was kept to a minimum because of the risk of the radiation exposure. In summary, fluoroscopic images with a moderately high sampling frequency were used for the in vivo study of talocrural and subtalar joint kinematics. The primary motion at the talocrural joint after toe contact was talar dorsiflexion. On the contrary, the subtalar joint motion was combined calcaneus dorsiflexion, eversion, and external rotation. These observations provide a basic quantitative description of talocrural and subtalar joint kinematics during drop landings in healthy subjects. In the future, it will be possible to use this data to study lower extremity pathologies by comparing this data with data obtained from injured feet. Furthermore, the motion of the talocrural and subtalar joints during higher impact activities should be studied.
